Very little is known about how animal colour patterns develop. The stripes of the zebrafish provide a tractable a model for colour pattern formation, which now suggests an unconventional patterning mechanism.
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The gestalt of an animal has two components: first, the shape of its body, determined by genetic programs that reflect functional and environmental needs; and second, the surface pattern that overlays that shape. Both are the product of selective pressures, but, while we know a great deal about the mechanisms that govern body shape, little is known about how surface patterns form. To some degree, shape and pattern can form independently: very similarly shaped animals can have radically different colour patterns and very different animals can have similar pattern elements. Animal colour patterns come in a dazzling diversity that can range from a simple dorsal-ventral colour blocking in mice to the intricate geometrical patterns of butterflies; some patterns are regular and repetitive, such as the stripes of a zebra, whereas others are irregular and can vary from individual to individual, such as the facial markings of paper wasps. Despite this diversity, several basic geometrical elements -in particular, stripes and spots -are common to many patterns. The colour pattern of the striped zebrafish (Danio rerio) is an accessible system to functionally analyse colour pattern formation [1] . A recent paper by Inaba, Kondo and colleagues [2] now offers some tantalising insights into what might turn out to be a highly unusual mechanism of making patterns, yet one whose essence had been predicted theoretically more than half a century ago.
The most conspicuous feature of a zebrafish is its longitudinal stripes. What these stripes are good for is not really known -like many aspects of the natural history of this popular lab animal. When viewed from above, zebrafish appear uniformly dark brown; the stripes are only visible from the side, suggesting they might serve some sort of intraspecific communication, perhaps related to courtship or mating, although males and females are equally striped. Zebrafish stripes are made up of alternating bands of two kinds of pigment cell, dark melanophores and yellow xanthophores (Figure 1 ), underlain by a third kind of pigment cell, the iridiophores, which are responsible for the iridescence of the fish. During embryo development, the pigment cells emigrate from the neural crest, and while a subset differentiates straight away, others remain undifferentiated until the adult pigment pattern begins to form.
From a developmental biology perspective, zebrafish stripes are unusual in several ways: for one, melanophores and xanthophores differentiate before the stripes are fully formed. Initially the cells are somewhat intermingled, and only as stripes coalesce a clear separation between the two populations ensues. This is also apparent when a section of several stripes is ablated: new xanthophores and melanophores pop up irregularly in the cleared region, and later this salt-and-pepper pattern reorganises itself into segregated domains that have the same width as the original stripe, but are sometimes misoriented [3] .
This sequence of events -apparent differentiation of the constituent before spatial organisation -differs from most patterning systems that are usually considered in developmental biology. There, positional coordinates are set up, and the position of the cells with respect to the coordinates determines their differentiation. In the realm of colour patterns, this principle is exemplified by the eyespots on the wings of many butterflies [4] . The concentric rings of the eyespot form as a function of distance from a central spot -the 'focus' -which is essentially a developmental organiser; when the focus is destroyed, no eyespot forms, when it is put elsewhere, an eyespot will form at the new site. At different distances from the organiser, cells differentiate and express different kinds of pigment that give the eye-like appearance [4] .
Unlike butterfly eyespots, the striped pattern of zebrafish is much more uniform and repetitive, and there is no clear indication of an organiser from which pattern formation would be instructed; in fact, the adult stripe pattern is to a large degree independent of other landmarks on the body. As a case in point, the fish's anal and tail fins are also striped and in the long-fin zebrafish mutant [5] , where the fins never stop growing, perfectly well-formed stripes continue to form as the fins grow. It's unclear how in this context, an organiser system should operate. One conceivable way of making stripes could be the previous stripe acting as a kind of template for the next one. But this is all speculation, and in fact, up to now we know very little about how the zebrafish stripe pattern is formed.
What little we do know mainly comes from the study of zebrafish mutant strains with altered pigment patterns [6] . Two kinds of mutants are particularly informative: mutants in which one of the two pigment cell types that make up the stripes is missing, and mutants where both cell types are there, but the pattern looks different. Mutants of the first kind, where either melanophores or xanthophores are missing, don't have stripes (Figure 1 ). This may sound trivial, but one could imagine that the two cell types merely fill in a sort of pre-pattern that is set up independently of the cells themselves. This is not the case, as neither melanophores nor xanthophores can form stripes on their own. And wherever they meet, for instance when some xanthophores are transplanted back into a mutant that normally lacks them, stripes will form (Figure 1 ) [7] .
The second class of mutants changes the geometry of the pattern (Figure 1 ). Particularly striking is the leopard mutant, which has spots instead of stripes. It was first erroneously described as a different species, even though it is not clear that it actually exists in the wild. The leopard phenotype is essentially a developmental geneticist's dream: changing one gene transforms one pattern, stripes, into another, spots, that is just as regular. leopard mutants also form a nice allelic series, weak alleles make wavy stripes that break up in stronger ones, leading to a fully spotted pattern in the strongest alleles ( Figure 1 ) [6] . And what makes this gene even more striking is that of course spotted pigment patterns are just as common in nature as striped ones, in fish and other animals. So, the leopard gene would seem to be a kind of master switch for looks -on: striped, off: spotted.
While the phenotype may have suggested a typical developmental master regulator -either a transcription factor or a signalling protein -when the leopard gene was identified, the reality looked at first more mundane. leopard mutants carry loss of function mutations in a connexin (connexin41.8), a subunit of the gap junctional complexes by which neighbouring cells are electrically coupled [8] . In a cell culture system, hemichannels made from leopard mutant connexin 41.8 protein are non-functional in that they don't change membrane potential in response to calcium, but what that might mean in the context of the stripe-forming pigment cells was, and is at present, entirely unclear.
Support for the idea that cell membrane potentials could actually play a role in formation of the striped pattern comes from a second stripe mutant, obelix/jaguar [6] , which is the focus of the new study by Inaba et al. [2] . In homozygous obelix mutants, the pattern breaks down to some degree because the strict separation between melanophores and xanthophores is lost [7] . Instead, the two kinds of pigment cell intermingle partially. This phenotype is caused by mutations in an inwardly rectifying potassium channel, Kir 7.1 [9] . And again, as in the case of leopard, it was difficult to intuitively square the molecular function with the phenotype. Now, however, the new paper by Inaba et al. [2] establishes a first, tentative link between membrane potential and patterning and may thus help make sense of the phenotypes in the light of the gene's molecular role. Using dissociated pigment cells from the fins of zebrafish, they find that melanophores undergo a transient depolarisation whenever they bump into a xanthophore (but not a fibroblast). This contact often (60% of the time) leads to the melanophore migrating away from the xanthophore, while without encounters melanophores rarely move. obelix/ jaguar mutant melanophores, by contrast, are always depolarised, but fail to change membrane potential or migrate when they meet a xanthophore.
It is of course legitimate to ask whether these results really reflect what is going on in pisce. After all, these cells were ripped out of their natural environment and placed in a culture dish. But in any event, this is really the first direct observation of interactions between pigment cells that might be relevant for formation of the striped pattern. And, pigment cells have long been hypothesised to be 'relatives' of neurons: fish pigment cells can, for instance, respond to neurotransmitters and condense or expand their pigment granules. That way the fish can adapt to light and dark backgrounds, a process that is impaired in obelix/jaguar mutants [9] . The idea that some sort of electrical interaction between pigment cells might also affect the colour pattern is thus perhaps less outlandish than it might have seemed at first.
That interactions between pigment cells are vital for making stripes had been known, but the nature of these interactions had been hard to define. From mosaic experiments, is looked as if the interactions were likely to be short in range, as stripes only form where both cell types meet [7] . Further ablation experiments [10] revealed that the cells also influence each other's differentiation and survival: for instance, when part of the melanophore stripe is ablated together with the neighbouring xanthophores, fewer melanophores will emerge in the cleared area. Conversely, when part of a xanthophore stripe is ablated, only xanthophores will arise in the cleared area, but only so long as an adjacent melanophore stripe is present. If it is removed too, melanophores will readily emerge in the former xanthophore domain. This suggests that long-range interactions, e.g. xanthophores promoting melanophore emergence and melanophores inhibiting other melanophores, also play some part in setting up the striped pattern. From top to bottom: wild-type zebrafish (Danio rerio), with a striped pattern; fms mutant fish lacking yellow xanthophores and a nacre mutant fish lacking melanophores, both lack stripes; reintroduction of missing pigment cell type in fms or nacre mutants restores the pattern locally; a heterozygous and a homozygous obelix/jaguar mutant, revealing widened stripes and intermingled domains, respectively; a weak and a strong leopard mutant, revealing wavy stripes and spots, respectively; and lastly, Danio choprei, the closest relative of zebrafish, with a vertical bar pattern.
An interplay between short-and long-range interactions is a crucial element in a mathematical model of biological pattern formation formulated by Alan Turing in 1952 [11, 12] . Turing, whose 100 th anniversary was commemorated earlier this year, formulated this mathematical model based on concentrations of two substances, an activator and an inhibitor. The activator activates its own synthesis and that of an inhibitor, which inhibits the activator, and both substances diffuse away from the source at different rates. Depending on which parameters are chosen, a regular periodic pattern of substance distribution can emerge. What is exciting about this model is that the pattern can basically arise from 'nothing', i.e. from very small fluctuations of initial concentrations. In that sense, it is appealing to think of the zebrafish stripes, which also have self-organising characteristics, as Turing patterns.
Turing conceived his model as a purely mathematical system in one dimension, but simulations based on Turing models can give rise to an amazing variety of biological patterns, from sea shells to cats [12] . Such a general model is naturally appealing for biologists who often lament the lack of unified theories in their field, but the challenge is to identify how it is implemented in the real world. Obviously, Turing could not know about the principles and intricacies of cellular signalling. So, in the study of real-life Turing patterns, the abstract roles of his 'activator' and inhibitor' need to be played by real molecules or cells. One of the most clear-cut incarnations of a Turing mechanism in the context of a periodic pattern was found in the spacing of hair follicles in mice, where the signalling molecule WNT is acting as an activator and its antagonist DKK as the inhibitor [13] .
Sure enough, Turing patterns can also match with astonishing precision the colour patterns observed in zebrafish under various conditions [10] . However, it is not yet clear whether such an activator-inhibitor system is really at play here, and if so how it is implemented. It need not be as literal as in the case of mouse hair follicle spacing. Instead, the 'activator' could be a stimulation of proliferation, and the inhibitor could be the repulsion seen when melanophores and xanthophores bump into each other. Integrating the electrical properties of the pigment cells into a Turing model will be a challenge. But the idea that the stripes of zebrafish could be a Turing pattern come to life organised by membrane potentials -something rarely considered in the context of developmental pattern formation -is definitely an electrifying one. Mathematical models suggest the enormous eyes of giant and colossal squid evolved to see the bioluminescence induced by the approach of predatory whales.
Julian C. Partridge
In the American Museum of Natural History, a striking diorama (Figure 1 ) depicts a battle between one of the world's largest mammals and its second largest invertebrate: in the darkness of a deep ocean, a sperm whale wrestles a giant squid. Although this interaction has never been witnessed, these species have captured the human imagination for millennia, and their putative combat for centuries. In stories and myth sperm whales (Physeter macrocephalus) and giant squid (Architeuthis spp.) are conjured as terrible and terrifying animals, easily provoked to attack both seafarers and their ships. Such attacks on ships may have occurred, but attacks by whales on squid are certainly much more common: giant squid are undoubtedly important components of the diet of sperm whales, squid beaks often being found in sperm whale guts, and the skin of sperm whales often baring scars from giant squids' formidable suckers. Indeed, predation of giant squid by sperm whales can be considered the culmination of an approximately 30 million year evolutionary arms race between cephalopods and whales. This race is marked by an interesting sensory imbalance, in which whales depend on reflected sound to find
